Rhodanese (thiosulphate : cyanide sulphurtransferase EC. 2.8. I . I) was purified 25-to 30-fold from thiosulphate-grown ThiobaciZlw AZ. It exhibited a pH optimum between pH 10.2 and 10.4 and apparent K, values of 0.36 m-Na,S,O, and 17 mM-KCN. Ultraviolet spectrophotometry and thin-layer chromatography showed that the enzyme catalysed the reaction of S2032-with dihydrolipoic acid or dihydrolipoamide, producing a-lipoate or lipoamide, with the intermediate production of the persulphides of dihydrolipoate and dihydrolipoamide, which were demonstrated chromatographically. This is the first demonstration of catalysis by a thiobacillus rhodanese of reactions which are likely to be physiologically important in the oxidative dissimilation of thiosulphate by a central energy-conserving pathway.
I N T R O D U C T I O N
Rhodanese (thiosulphate: cyanide sulphurtransferase EC. 2.8. I . I) is found in diverse tissues and organisms and probably acts as a general sulphur transferase (Westley, 1973; Sorbo, 1975) . It occurs in many thiosulphate-oxidizing bacteria (Charles & Suzuki, 1966; Yoch & Lindstrom, 1971; Guay & Silver, 1975; Kelly & Tuovinen, 1975; SSrbo, 1975) .
Most thiobacilli can obtain energy for growth by oxidizing thiosulphate. Although the mechanism for thiosulphate oxidation is still uncertain, the initial step is probably the cleavage of thiosulphate to sulphite and a sulphane moiety, which is transferred to an enzyme or enzyme cofactor (Kelly, 1968; Suzuki, 1975) . Rhodanese has been suggested as the catalyst of this reaction (Tabita, Silver & Lundgren, 1969; Sorbo, 1975; Suzuki, 1975) . Cyanide can be used as an acceptor for the sulphane-sulphur atom, but the enzyme will act with various sulphur donor and acceptor compounds (Westley, 1973; Sarbo, 1975) . There is little reliable evidence to suggest a universal role for cyanide as the acceptor substrate for the rhodanese enzyme in vivo, and the high K, values (Kelly & Tuovinen, 1975) indicate no physiological role for cyanide. Volini & Westley (1966) showed that dihydrolipoate and dihydrolipoamide served as sulphur acceptors for beef rhodanese, with the intermediate formation of their respective persulphides, but no similar investigations have been carried out with a thiobacillus rhodanese, although Kelly (1972) suggested that dihydrolipoate might act as an alternative to cyanide in thiobacilli.
ThiobaciZlw ~2 , grown on thiosulphate, contains only very low levels of ' thiosulphateoxidizing enzyme' (Kelly, 1973 ; Kelly & Tuovinen, 1975) and adenylylsulphate (APS) reductase (Aleem, 1975 ; Silver & Kelly, unpublished) , but has significant rhodanese activity in crude extracts. Enzyme activity in crude preparations was optimum at pH I I -3, which is
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2 to 3 pH units more alkaline than the optimum for the enzyme from other thiobacilli (Bowen, Butler & Happold, 1965; Tabita et al., 1969; Kelly & Tuovinen, 1975) .
We report properties of a purified rhodanese and show its catalysis of sulphane-sulphur transfer from thiosulphate not only to cyanide but to dihydrolipoate or dihydrolipoamide with the intermediate formation of their respective persulphides, thus indicating a truly physiological role for the enzyme in this thiobacillus.
METHODS
Culture of the organism andpreparation of extracts. Thiobacilim ~2 was grown at 30 "C on 0.5 % (w/v) S20S2--, formate or sucrose, harvested and washed as described previously (Kelly & Tuovinen, 1975) . All subsequent procedures were carried out at o to 4 "C. After washing with 0-1 M-TrislHCl (pH 8 3 ) , the cells (0.1 to 0.2 g wet wt ml-l> were suspended in 0.1 MTris/HCl (PH 8.5) containing I O -~ M -S~O~~-, and broken by passage three times through a French pressure cell at 1.4 x 108 Pa (20000 lbf i r 2 ) in the presence of RNAase and DNAase (each at 2 pg ml-l). The extracts were clarified by centrifuging at IOOOOO g for I h and used either for crude extract assays or for purification of the rhodanese enzyme.
Enzyme puri$cation. Rhodanese was partially purified from thiosulphate-grown Thiobacillus ~2 by a procedure similar to that previously described ( Enzyme assays. Rhodanese activity was measured routinely by a modification of the method of Tabita et al. (1969) . Reaction mixtures, in screw-cap test tubes, contained, unless otherwise specified: 500 pmol unadjusted Tris (pH 10*6);*50 pmol Na2S203; 50 pmol KCN (pH 10.4); enzyme (usually 0.05 ml); and water to give 5.0 ml. After incubation for 10 min at 25 "C, thiocyanate was determined as described previously (Tabita et al., 1969). Although Tris has little buffering capacity at the pH of the assay system, less than 0.2 pH unit difference was detected during a typical reaction. In all cases, 500pmol buffer was used in the reaction mixtures, and the pH values of all combinations of the assay mixtures were measured both at the beginning and end of the reaction times.
When dihydrolipoate or dihydrolipoamide was used as acceptor for the outer sulphur atom of thiosulphate, a modification of the assay system of Volini & Westley (1966) was used. The reaction mixture contained (in 1-0 or 2-5 ml): unadjusted Tris (pH I O .~) , 0.1 M; dihydrolipoate or dihydrolipoamide, 0.01 M; and thiosulphate, O*OI M, with which the reaction was routinely initiated. Each reaction was monitored by scanning the absorption spectrum between 270 and 450 nm, usually every 15 min, for 2 h. The amounts of a-lipoate or lipoamide formed were calculated assuming a molar extinction coefficient of 150 1 mol-1 cm-l (Nakamura & Tamura, 1974.) Reactions of Thiobacillus ~2 rhodanese 279 
RESULTS
Activity of rhodanese from Thiobacillus A2 grown on diflerent substrates. The specific activities of crude extracts with respect to rhodanese were 1-28, 0.83 and 1.21 pmol thiocyanate formed in 10 min per mg protein from Thiobacillus ~2 grown on sucrose, formate and thiosulphate respectively. Each figure given is the average of at least five determinations.
Purijication of the enzyme. Relative purifications of 25-to 30-fold were achieved for rhodanese from Thiobacillus A2 grown,on thiosulphate, with yields of around 50 % (Table I) . Although the most purified fraction was stable when frozen, 50 % of the activity was lost in 4 h in the unfrozen state at o to 4 "C. Higher temperatures resulted in more rapid loss of activity. Extracts were therefore stored frozen in small volumes (0-5 to 1.0 ml) and used immediately after thawing. Thawed extracts were not refrozen for reuse. Using 8 pg of the most purified enzyme preparation in the standard reaction mixture, the reaction rate was linear for more than 20 min. In the absence of enzyme 0.1 I pmol thiocyanate was formed in 10 min; the reaction rate with respect to enzyme concentration was linear up to 30 to 35 pg protein in the reaction mixture.
Efect of pH on enzyme activity. The pH optimum of rhodanese in the presence of phosphate, glycine/NaOH or Tris buffers was 10-2 to 10.4 (Fig. I) Rhodanese reaction using dihydrolipoate and dihydrolipoamide as cosubstrates. The absorbance at 333 to 335 nm of a reaction mixture containing rhodanese, thiosulphate and dihydrolipoate increased with incubation time (Fig. 2) , reflecting the progressive formation of a-lipoate. Similar results were obtained when dihydrolipoamide was used as the substrate. After reaction times of 2 h, in the presence of dihydrolipoate there was an increase in absorbance of 0.20 (corresponding to the formation of 3-3 pmol a-lipoate), and in the presence of dihydrolipoamide, an increase of 0.30 (corresponding to 5-0 pmol lipoamide). In both cases, absence of peak broadening or of a shift of the absorption maximum indicated insignificant formation of any polysulphur compounds with marked absorption properties at 350 to 400 nm. The rates of the reactions were linear with respect to time for less than 30 min, and linear with respect to the amount of protein present for up to approximately 2.5 pg. The production of free sulphide in the reaction mixtures was indicated by its odour. In the absence of enzyme, there was a linear increase in absorbance of 0.06 in 2 h (indicating formation of I -0 pmol a-lipoate or lipoamide), and in the absence of thiosulphate, an increase of o * o~ in 2 h. Neither NAD nor NADP (at I mM) was reduced in the course of this reaction, as no additional absorbance at 340 nm was observed.
Thin-layer chromatographic identijication of persulphide intermediates. Thin-layer chromatograms of the spectrophotometric rhodanese assay mixtures after reaction times of 2 h, and of reference compounds (Fig. 3) when dihydrolipoamide was used. In all cases, when the sheet was exposed to iodine vapour, the spots of lower RF values remained lighter than the background for over 5 min, turning darker on continued exposure, whereas the spots of higher RF values were always darker than the background .
DISCUSSION
Rhodanese occurs in all thiobacilli so far examined, but the evidence for its role in oxidative sulphur metabolism resides solely in the increase in specific activity observed after growth on thiosulphate (L6 John, Van Caeseele & Lees, 1967; Taylor & Hoare, 1969) or exposure to cyanide (Bowen et al., 1965) . Like Taylor & Hoare (1969)~ we found rhodanese activity in crude extracts to be increased when Thiobacillus ~2 was grown on thiosulphate rather than formate, but, in contrast to earlier experiments using extracts prepared by sonication (Kelly, 
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M. SILVER AND D. P. KELLY Usually the pH optima for rhodanese enzymes are at least 2 pH units higher than the pH favourable for growth (Tabita et al., 1969; Kelly & Tuovinen, 1975) . In crude extracts of Thiobacillus ~2 , rhodanese activity was maximal at pH I I .2 (Kelly & Tuovinen, 1975) , but the results of this investigation show that the purified rhodanese was most active at pH 10'2 to 10.4. Taylor & Hoare (1969) thus measured activity under suboptimal conditions (pH 8-0) .
Kinetic constants for rhodanese from a number of bacteria showed that the affinity for thiosulphate was 20 to 30 times that for cyanide (Kelly & Tuovinen, 1975) . Apparent K,, values for the purified enzyme from ThiobaciZlus A2 were 0.36 mM-thiosulphate and 17 mMcyanide. Similar values were determined for Chromatiurn strain D (Smith & Lascelles, 1966) and sulphur-grown T. ferrooxidans (Tabita et al., 1969) .
The high K, values for cyanide generally reported for rhodanese, considered with the low endogenous levels of cyanide in most bacteria, indicate a mechanism for rhodanese in vivo involving sulphane-sulphur transfer to an acceptor other than cyanide. Tabita et al. (1969) suggested that, like rhodanese from mammalian sources (Volini & Westley, 1966) , dihydrolipoate or a similar compound might serve this function in thiobacilli. Lipoate has been detected in a number of heterotrophic bacteria (Herbert & Guest, 1975) , but no investigation into the presence of this compound in thiobacilli has been undertaken. There is some dispute over the nature of the early intermediates of thiosulphate cleavage by rhodanese : sulphenyl thiosulphate, a trisulphide or a persulphide have all been suggested (Westley, 1973) . We have now demonstrated conclusively that rhodanese catalyses thiosulphate cleavage in the presence of dihydrolipoate or dihydrolipoamide as cosubstrates with the formation of their persulphides as intermediates, leading to the spontaneous formation of sulphide and the oxidized cosubstrates. The formation of a-lipoate and lipoamide from dihydrolipoate and dihydrolipoamide respectively has been confirmed by nuclear magnetic resonance spectroscopy (Silver, Howarth & Kelly, 1976) . Whether these particular compounds act as cosubstrates in vivo is not yet established, but it seems highly likely that they or similar sulphydryl compounds are involved in thiosulphate scission in thiobacilli. Thiosulphat e may be a central intermediate in the oxidation of a variety of inorganic sulphur compounds (Kelly, 1968; Suzuki, 1965) . In various thiobacilli it may undergo oxidative condensation or cleavage by rhodanese, but whereas Thiobacillus ~2 can oxidize sulphur and sulphide, it cannot metabolize polythionates or thiocyanate (Taylor & Hoare, 1969 ; Kelly, I 973 ; Kelly & Tuovinen, 1975) . Failure to use thiocyanate together with concepts of how thiocyanate is oxidized in other thiobacilli (Kelly, 1968) would indicate that thiocyanate is not a normal intermediate in Thiobacillus ~2 . We suggest that in Thiobacillus A2 the initial step in thiosulphate oxidation is a rhodanesecatalysed cleavage to sulphite and an organic persulphide (such as dihydrolipoate persulphide), which may act as a substrate or sulphane-sulphur donor for an enzyme, such as the sulphur-oxidizing enzyme (Suzuki & Silver, 1966; Silver & Lundgren, 1968) , which can convert it to sulphite. We have detected weak sulphur-oxidizing enzyme activity in the soluble fraction of crude extracts of thiosulphate-grown T~~u~a c i Z Z~s A2. Little evidence exists concerning the enzymology and energetics of the further oxidation of sulphur intermediates by ThiobaciZlus A2. Although APS reductase is present in sucrose-and formategrown organisms (Silver & Kelly, unpublished) it is virtually absent from organisms grown on thiosulphate (Aleem, 1975 ; A. M. Charles, personal communication ; Silver, unpublished) but sulphite : cytochrome c oxidoreductase is present in organisms grown on thiosulphate, sucrose or formate.
